We present for the first time an investigation of the tuning and modulation properties of a quantum cascade laser with an integrated heater providing a new tuning mechanism. We also show the benefit for spectroscopy applications.
Introduction
Quantum cascade lasers (QCLs) constitute a versatile type of lasers in the mid-infrared spectral region, which makes them the preferred source of coherent radiation for high resolution molecular spectroscopy and trace gas sensing. Distributed feedback (DFB) QCLs deliver singlemode emission in continuous-wave (cw) operation at room temperature in a wide spectral range, with output powers that can reach several tens of mW. They can also be continuously tuned in wavelength with their temperature or injection current. Among the numerous sensitive detection methods commonly used in trace gas sensing applications, several require a frequency tuning of the laser through an absorption line of the analysed gaseous species, or involve a modulation of the laser wavelength around the absorption line, or a combination of a fast sine modulation and a slow tuning ramp. This is in particular the case in wavelength modulation spectroscopy (WMS) and photoacoustic spectroscopy (PAS), which both involve a modulation of the laser wavelength and a harmonic demodulation of the output signal detected after light-gas interaction (optical signal in WMS or acoustic signal in PAS).
Generally, two types of wavelength tuning are used with QCLs. Temperature-tuning can be fairly broad (in the order of 3 GHz/K) with a limited associated change in optical power, but the process is very slow (typical time constant in the range of seconds). Current-tuning is much faster, with a bandwidth in the 100-kHz range or more [1] , but the achievable tuning range is strongly narrower. Furthermore, a large power variation is associated with a change of the injection current. When QCL-current modulation is used in spectroscopic techniques like WMS or PAS, an undesired residual amplitude modulation (RAM) signal occurs in addition to the targeted frequency modulation (FM), which leads to some distortions of the harmonic signals of a gas absorption line. This results in the presence of an offset in the first harmonic signal (1f detection), on top of which lies the spectral signature of the absorption line. An asymmetry also occurs in the second harmonic signal (2f detection) as a result of RAM.
Recently, novel mechanisms of tuning in QCLs have been introduced, based on the use of heating elements integrated in the laser structure, close to the active region. These novel structures incorporate a single resistive integrated heater (IH) placed along the active region in a DFB-QCL [2] or the implementation of two integrated heaters used to tune (heat) one among two distributed Bragg reflectors (DBR) located on the front and back side of the QCL [3] . These integrated heaters offer new functionalities in QCLs, in particular for spectroscopy as they offer intermediate tuning and modulation properties compared to the standard temperature-and QCL-current-tunings. In particular, a broader tuning can be realized as compared to the QCL current-tuning, but much faster than for temperature-tuning. In this work, we present a preliminary investigation of the tuning, modulation and noise properties of an IH-QCL and show some impacts for WMS applications.
Experimental set-up
The investigated QCL with integrated resistive heater was manufactured by Alpes Lasers. It is made of a buriedheterostructure DFB laser that emits up to 80 mW output power in the spectral range of 1273-1278 cm -1 , with an integrated resistor of ~8.5 Ohm. The laser was mounted in a modified version of the standard laser laboratory housing (LLH) of Alpes Lasers. The main modification consisted of additional electrical connections that were required to independently drive the QCL and the IH using two current sources. Temperature control of the QCL was made with a thermo-electrical cooler (TEC) combined with a negative thermal coefficient resistor (NTC) as temperature sensor. A spectroscopic setup consisting of a low-pressure N 2 O gas cell was used to characterize the QCL tuning and modulation response, as well as to perform preliminary WMS experiment with harmonic detection.
Results
As a first insight to this laser, we measured the different static tuning coefficients from the position of N 2 O absorption lines and their reference values from the Hitran database [4] . The emission frequency scales almost linearly with both QCL temperature and injection current, but quadratically with the heater current as the effect is essentially thermal through Joule's dissipation. Linear tuning coefficients of about -2.9 GHz/K, -26 GHz/W and -37 GHz/W were obtained for temperature, QCL-current and IH-current dissipation, respectively, as displayed in Fig. 1 . The power tuning coefficient for the IH is slightly lower than for the QCL-current, as the heat dissipation occurs at a slightly larger distance from the active area. Nevertheless, the heater dissipation has a significant effect on the QCL wavelength and enables fairly fast frequency modulation of the QCL. We measured the FM bandwidth for QCLcurrent and IH-current by applying a small sine modulation and using the side of an N 2 O absorption line as a frequency discriminator to convert the laser frequency modulation into intensity modulation that was detected with a photodiode and demodulated with a lock-in amplifier. Fig. 1 show the measured transfer function in amplitude and phase obtained at different heater static currents. The FM index is constant for QCL-current modulation, but strongly depends on the IH-current for IH modulation as a result of the quadratic thermal response. The QCL can be efficiently modulated via its injection current up to ~1 MHz (corresponding to a drop of the FM index by a factor ~10 and an associated phase shift of -90 deg). For the IH modulation, the FM bandwidth is typically one order of magnitude lower, in the 100-kHz range. A significant benefit of modulating the IH instead of the QCL-current is the strongly reduced RAM, which is a benefit for spectroscopy applications. This is illustrated in Fig. 2(a) , where first harmonic WMS of a N 2 O transition has been implemented by applying a 25-kHz sine modulation and a slow 10-Hz current ramp either to the QCL or to the IH. A similar absorption signal is obtained in the two cases, but a much larger offset is observed in the 1f signal obtained for the standard QCL-current modulation. The offset for IH-modulation remains small at any IH current, whereas a significant change is observed for QCL modulation when the QCL-current is modified as shown in Fig. 2 . 
Conclusion
We characterized for the first time the tuning and FM transfer function of a QCL with an IH acting as a new tuning mechanism. Fast modulation of the QCL frequency up to the 100-kHz range can be achieved by modulating the IHcurrent, with the important benefit of a reduced associated RAM compared to the usual injection current modulation. We also showed first implementation of WMS using a modulation of the IH-current.
